Introduction {#Sec1}
============

The epithelial to mesenchymal transition (EMT) is a fundamental process of the embryogenesis and morphogenesis, wherein epithelial cells gradually lose their characteristic features and functionality thus acquiring a mesenchymal cell phenotype \[[@CR1]\]. EMT reactivation in adults seems to play a pivotal role in tissue repair (wound healing and/or scar formation) through the production of proinflammatory cytokines. Therefore, it has been considered as a crucial link between inflammation and the progression of organ fibrosis and cancer \[[@CR2]\].

Although the contribution of EMT to tissue fibrosis in vivo is not univocal and it should be better defined \[[@CR3]--[@CR6]\], the proinflammatory cytokine TGF-β1 has been widely considered as one of the most potent activators of the experimentally induced EMT for its profibrotic effect in many cell types. Upon the binding to its receptor, TGF-β1 is able to induce EMT either via canonical pathways involving Smad2/3/4 phoshorylation and the transcription of ZEB1--2, Snail or Slug \[[@CR7], [@CR8]\], or via non-Smad mechanisms such as PI3K/Akt/mTOR \[[@CR9], [@CR10]\], RHO-GTP-ase, ERK, p38, and JUN N-terminal kinase (JNK) MAPK pathways \[[@CR11], [@CR12]\].

The most notable hallmark of EMT is the decrease of E-cadherin expression and, as consequence, the loss of epithelial cell-cell contacts and, in parallel, the increased expression of mesenchymal markers such as N-cadherin, Vimentin, and α-SMA (the actin isoform specific to myofibroblasts) as well as the production of matrix proteins (e.g., Fibronectin and collagen) \[[@CR13], [@CR14]\]. EMT features and new insights are extensively reviewed in "EMT: 2016" by A. Nieto et al. \[[@CR15]\].

It is well known that cyclic AMP (cAMP) system regulates the function/activity of many hormones, some of which modulate the extracellular matrix composition. Cyclic AMP modulates key functions of fibroblasts, including those induced by TGF-β1. Indeed, the increase of cAMP intracellular levels, induced by forskolin or phosphodyesterase inhibitors, as well as the administration of dibutyryl cAMP prevented TGF-β1-induced Smad-specific gene transactivation and antagonized the effects of TGF-β1 on the expression of extracellular matrix components (collagen, growth factors of the connective tissue, and metalloproteinase-1) \[[@CR16]\]. In addition to protein kinase A (PKA), exchange proteins directly activated by cAMP (Epac) were identified as regulators of TGF-β1-driven EMT \[[@CR17], [@CR18]\]. These proteins, acting in a PKA-independent manner, represent a collateral pathway in the cAMP signaling. However, PKA and Epac result to be often associated with the same biological process, wherein they fulfill either synergistic or opposite effects \[[@CR19]\].

Besides the well-described role of cAMP, we took advantage of the involvement of MAPK pathway in TGF-β1-induced EMT to investigate its role in the regulation of fibrotic processes.

In this context, it has been observed that, similarly to TGF-β1, H~2~O~2~ promotes either the phosphorylation of Smad2, p38 MAPK, and ERK1/2, or the overexpression of α-SMA and Fibronectin, whereas it decreases the expression of E-cadherin in renal tubular epithelial cells \[[@CR20]\]. Furthermore, other groups reported that (i) phosphoglucose isomerase/autocrine motility factor (PGI/AMF) activates the EMT in breast cancer cells, thus favoring their metastatic invasion \[[@CR21]\]; (ii) aldosterone induces EMT via mitochondrial-derived ROS \[[@CR22]\]; (iii) angiotensin II plays a key role in the high-glucose-induced upregulation of Fibronectin expression in human peritoneal mesothelial cells implicated in peritoneal fibrosis \[[@CR23]\]; (iv) nitric oxide attenuates the TGF-β1-induced transition of alveolar epithelial cells to myofibroblasts, both in vitro and in vivo \[[@CR24]\]; and (v) prostacyclin analogues inhibit collagen expression in cultured cardiac fibroblasts by increasing cAMP formation \[[@CR25]\]. Cyclic AMP and MAPK signaling pathways also derives from the stimulation of a plethora of metabotropic receptors that might play a crucial role in EMT/fibrosis. Among these receptors, there are few studies regarding the role of purine receptors in modulating this process. It has been reported that MDCK cells express a large number of purine receptor subtypes, mainly belonging to the P2 family, both P2X and P2Y. Among them, P2Y subtypes (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, and P2Y14) result to be the most expressed \[[@CR26]--[@CR28]\], whereas there is less evidence of P1 adenosine receptor expression on these cells \[[@CR29]--[@CR31]\].

Therefore, in the present study, we investigated the role of some prototypal P1 (A1, A2A) and P2 (P2Y1, P2Y11, P2X7) purine receptors in TGF-β1-driven EMT in MDCK cells by focusing on the underlying mechanisms linked to their anti-fibrotic effects.

Materials and methods {#Sec2}
=====================

Reagents {#Sec3}
--------

Recombinant human transforming growth factor-β1 (TGF-β1) was purchased from Millipore (Milan, Italy). PD98059, 3-isobutyl-1-methylxanthine (IBMX), MRS2365, MRS2179, 2-chloro-N6-cyclopentyladenosine (CCPA), 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), 2′,3′-(benzoyl-4-benzoyl)-ATP (BzATP), and periodate-oxidized ATP (OxATP) were purchased from Sigma-Aldrich. NF546 (4,4′-(carbonyl*bis*(imino-3,1-phenylene-carbonylimino-3,1-(4-methyl-phenylene)carbonylimino))-bis(1,3-xylene-α,α′-diphosphonic acid tetrasodium salt), NF340 \[4,4′-(carbonyl*bis*(imino-3,1-(4-methyl-phenylene)carbonylimino))*bis*(naphthalene-2,6-disulfonic acid) tetrasodium salt\], CGS21680, ZM241385 (4-(2-\[7-amino-2-(2-furyl)\[1,2,4\]triazolo\[2,3-*a*\]\[1,3,5\]triazin-5-ylamino\]ethyl)phenol), and 8-CPT-2Me-cAMP (8-(4-chlorophenylthio)-2′-*O*-methyladenosine-3′,5′-cyclic monophosphate sodium salt) were purchased from Tocris Bioscience (Ellisville, MO, USA). Myr-PKI (protein kinase inhibitor (14-22)-amide myristoylated) was purchased from Enzo Life Sciences (Roma, Italy). 8-CPT-cAMP (8-(4-chlorophenylthio)adenosine-3′,5′-cyclic monophosphate) and N6-Ph-cAMP (N^6^-phenyladenosine-3′,5′-cyclic monophosphate) were purchased from Biolog Life Science Institute (Bremen, Germany). Alexa Fluor 594 phalloidin, 4′,6-diamino-2-phenyl-indole (DAPI), and Slowfade Antifade Reagent were purchased from Life Technologies.

Cell culture {#Sec4}
------------

Madin Darby canine kidney (MDCK) cells were purchased from Sigma (Sigma-Aldrich, Milan, Italy) and cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, Life Technologies, Monza, Italy) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco), 100 I.U. Penicillin, and 100 μg/mL Streptomycin (Gibco), then incubated in a humidified chamber with 5% CO~2~, at 37 °C. For all treatments, cells were grown to sub-confluency and subjected to immunofluorescence study, Western blot and RT-PCR analyses as follows.

Western blot {#Sec5}
------------

In order to analyze the expression of the major epithelial and mesenchymal markers, Western blot analyses were performed on MDCK cells. MDCK cells were seeded overnight onto 100 × 20-mm culture dishes (BD Falcon) at 500,000 cells/dish in 6 mL of DMEM supplemented with 10% heat-inactivated FBS, 100 I.U. Penicillin, and 100 μg/mL Streptomycin per dish. After 24-h starvation, cells were submitted to different treatments in DMEM supplemented with 0.5% FBS and 1% Penicillin/Streptomycin. After treatment, cells were washed twice with 1× PBS (Sigma-Aldrich), lysed with RIPA Buffer (Sigma-Aldrich) supplemented with 1% Protease Inhibitor Cocktail (Sigma-Aldrich), scraped off, and clarified by centrifugation at 12,500×*g* for 20 min. Before performing Western blot, a sample buffer (5× Laemmli buffer with 10% mercaptoethanol) was added to melted lysates 1:4. Protein concentrations were obtained using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA) based on the Bradford method. An equal amount of 50--70 μg of protein was resolved by 10% sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS-PAGE). The resolved proteins were transferred onto a nitrocellulose membrane and then incubated with blocking buffer 1× PBS containing 0.1% Tween-20 (PBST) and 5% non-fat dry milk for 2 h, RT, and subsequently incubated with specific primary antibody at 4 °C, overnight. After washing with PBST, the membrane was further incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies at RT for 1 h. Membranes were finally washed, before subjecting them to ECL Plus Western Blotting Detection Reagent (Amersham, GE Healthcare). The immunoreactive bands were visualized under a chemiluminescence detection system (UVItec, Cambridge, UK). Band intensity data were obtained using Quantity One software (Bio-Rad Laboratories). Blotting membranes were stripped and re-probed with anti-actin antibody as equal loading control. The following primary antibodies were used: anti-E-cadherin (BD Biosciences, San Jose, CA, USA), anti-N-cadherin and β-actin (Cell Signaling, Danvers, MA, USA), anti-actin α-smooth muscle (α-SMA), and anti-human Fibronectin (Sigma-Aldrich, Saint Louis, MO, USA). Secondary anti-rabbit and anti-mouse IgG and HRP-linked antibodies were purchased from Cell Signaling (Cell Signaling, Danvers, MA, USA). E-cadherin was diluted 1:800 in 2.5% non-fat dry milk/1× PBS/0.1% Tween 20, N-cadherin and β-actin were diluted 1:1000 in 2.5% non-fat dry milk/1× PBS/0.1% Tween 20, α-SMA was diluted 1:1500 in 1% non-fat dry milk/1× PBS/0.1% Tween 20, and Fibronectin was diluted 1:2000 in 5% non-fat dry milk/1× PBS/0.1% Tween 20. A secondary anti-rabbit IgG, HRP-linked antibody was used for N-cadherin and Fibronectin, whilst a secondary anti-mouse IgG, HRP-linked antibody was used for E-cadherin, α-SMA, and β-actin. All secondary antibodies were used at 1:2500 dilution in 2.5% non-fat dry milk/1× PBS/0.1% Tween 20 or 2.5% BSA/1× PBS/0.1% Tween 20.

Real-time PCR {#Sec6}
-------------

To evaluate mesenchymal transcriptional characteristics of MDCK cells, real-time PCR (RT-PCR) of EMT-related markers was performed. MDCK cells were grown in 24-well plates into medium supplemented with 0.1% FBS and 100 I.U. Penicillin and 100 μg/mL Streptomycin. After 24-h starvation, cells were incubated with (1) TGF-β1 alone up to 72 h; (2) N6-Ph-cAMP, 8-CPT-cAMP, 8-CPT-2Me-cAMP, and IBMX alone or in association with TGF-β1 for 48 h; (3) CGS21680, CCPA, MRS2365, and NF546 in association with TGF-β1 for 48 h; (4) Myr-PKI or PD98059 30 min before TGF-β1/cAMP analogue co-treatment until the end of experiment; (5) ZM241385, DPCPX, MRS2179, and NF340 30 min before TGF-β1/P1 or P2 agonists co-treatment until the end of experiment; (6) BzATP up to 96 h; and (7) OxATP or PD98059 30 min before BzATP treatment until the end of experiment. RNA was extracted from MDCK cells by using Qiagen RNeasy Plus Mini Kit according to manufacturer's instructions. The forward and reverse primers were purchased from Integrated DNA Technologies (IDT) (Leuven, Belgium): ZEB1 forward 5′-CAA GGT GGC CAT TCT GTT AT-3′ and reverse 5′-CTA GGC TGC TCA AGA CTG TAG-3′, E-cadherin forward 5′-AAG CGG CCT CTA CAA CTT CA-3′ and reverse 5′-AAC TGG GAA ATG TGA GCA CC-3′, N-cadherin forward 5′-CAA CTT GCC AGA AAA CTC CAG G-3′ and reverse 5′-ATG AAA CCG GGC TAT CAG CTC-3′, Vimentin forward 5′-GCC ATC AAC ACC GAG TTC AA-3′ and reverse 5′-GGA AGC GCA CCT TGT CGA T-3′, Slug forward 5′-CGT TTT CCA GAC CCT GGT TA-3′ and reverse 5′-TGA CCT GTC TGC AAA TGC TC-3′, Fibronectin forward 5′-GCA ACT CTG TGG ACC AAG G-3′ and reverse 5′-CAC TGG CAC GAG AGC TTA AA-3′, α-SMA forward 5′-TGT TCC AGC CGT CCT TCA T-3′ and reverse 5′-GGC GTA GTC TTT CCT GAT G-3′, and GAPDH forward 5′-CAT CAC TGC CAC CCA GAA G-3′ and reverse 5′-CAG TGA GCT TCC CGT TCA G-3′. The PCR reaction comprised pre-denaturation at 50 °C for 2 min and 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control to normalize RT-PCR readout and analyzed using the 2^−ΔΔCt^ method of Livak and Schmittgen.

Immunofluorescence stainings {#Sec7}
----------------------------

To probe changes in MDCK cell morphology after TGF-β1 stimulation, the cells were grown on glass coverslips in 24-multiwell plates (Falcon) at 20 × 10^3^ cells/well. The cells were challenged at 24, 48, and 72 h with growing concentrations of TGF-β1 (2.5--5--10 ng/mL). At the end of the exposure, the cells were processed for fluorescence staining of F-actin. Briefly, cells were washed twice with 1× PBS and then fixed with 4% paraformaldehyde (Sigma) in PBS, at RT, for 30 min and then permeabilized with 0.1% IGEPAL (Sigma) in 1× PBS, at RT, for 10 min. After washing, the cells were incubated with Phalloidin conjugated with Alexa Fluor 594 at a dilution of 1:200 in 1% BSA/1× PBS at 37 °C for 30 min. At the end of incubation, they were washed twice with 1× PBS and were incubated in the fluorescent dye DAPI at 1 μg/mL in PBS to stain the nuclei of cells. After the final washing step, the glass coverslips were mounted onto a slide using Slow Fade and fluorescence images were acquired using a Zeiss confocal microscopy system (LSM510 META; Carl Zeiss, Jena, Germany) equipped with an inverted microscope (Zeiss Axiovert200) and an oil-immersion objective (PlanNeofluar; ×400).

Statistical analysis {#Sec8}
--------------------

Data are presented as means ± standard error of mean (SEM). Statistical significance (*P* \< 0.05) was evaluated by Student's *t* test using GraphPad Prism software. All experiments were performed at least three times.

Results {#Sec9}
=======

TGF-β1 modifies the MDCK cell morphology and the expression of EMT-related markers {#Sec10}
----------------------------------------------------------------------------------

MDCK cells have been often used as a model to evaluate different aspects of EMT \[[@CR32]\]. A defining feature of EMT is a change in cell morphology and loss of cell-cell contact. We first determined the optimum concentration and the time of exposure of TGF-β1 able to induce, in MDCK cells, the expression of EMT-related genes, ZEB1, Slug, Fibronectin, and α-SMA, which are associated to profibrotic processes, thus contributing to the loss of epithelial cell polarity and the acquisition of a fibroblastoid phenotype. We evaluated the dose-effect curve (up to 800 pM, corresponding to 20 ng/mL) for 48 h and the time course (up to 72 h) of TGF-β1 by RT-PCR analysis. The maximal effect was obtained using a concentration of 300 pM (corresponding to about 7.5 ng/mL) and the EC~50~ was about 230 ± 1.9 pM (corresponding to about 5.0 ng/mL) (Fig. [1](#Fig1){ref-type="fig"}a, b), already observed after 48 h of cell stimulation (Fig. [1](#Fig1){ref-type="fig"}c, d). Phalloidin staining of MDCK cells, exposed to increasing concentrations (2.5, 5, and 10 ng/mL) of TGF-β1 for 48 h, confirmed that cells underwent a marked and dose-dependent morphological change, from cobble to spindle-like morphology with elongated F-actin stress fibers and weaker cell-cell adhesion interactions, a classical feature of mesenchymal cells (Fig. [1](#Fig1){ref-type="fig"}e). Therefore, we chose to expose MDCK cells to TGF-β1 5.0 ng/mL for 48 h to pharmacologically modulate the effects on EMT marker expression.Fig. 1Effect of TGF-β1 on EMT marker expression. **a** Dose-effect curves of TGF-β1. MDCK cells were challenged with increasing concentrations of TGF-β1 ranging from 0.75 ng/mL (30 pM) to 20 ng/mL (800 pM) for 48 h to examine TGF-β1-mediated changes in ZEB1, Slug expression (*left*) and α-SMA, Fibronectin (*right*) by RT-PCR analysis. **b** Time course of TGF-β1. The effect of TGF-β1 on ZEB1, Slug (*left*) and α-SMA, Fibronectin (*right*) expression was evaluated by RT-PCR analysis in MDCK cells exposed to 5 ng/mL (200 pM) TGF-β1 up to 72 h. Each value represents the mean ± SEM of at least three independent experiments, and it is expressed as relative amount of mRNA normalized to GAPDH. **c** Representative photomicrographs of MDCK cells. Cells were challenged with increasing concentration of TGF-β1 (2.5--10 ng/mL) for 48 h. The sub-confluent monolayers were stained with rhodamine-phalloidin (*red*) to label F-actin of the cytoskeleton. *Scale bars*: 10 μm. TGF-β1-stimulated cells showed spindle-like morphology with elongated F-actin stress fibers, indicative of mesenchymal cells

Influence of the downstream effectors of cAMP system on the TGF-β1-induced EMT in MDCK cells {#Sec11}
--------------------------------------------------------------------------------------------

Since cAMP is one of the main intracellular mediators that are able to interfere with TGF-β1 signaling, we evaluated the role of cAMP effectors on TGF-β1-driven EMT \[[@CR17]\]. We examined the classic cAMP-dependent effector PKA, as well as Epac proteins that are able to activate Ras superfamily small GTPases Rap1 and Rap2 \[[@CR33], [@CR34]\]. We first evaluated whether some stable cAMP analogues or the inhibitor of phosphodiesterase, IBMX, could influence per se the expression of the main EMT-related genes (the transcription factors, ZEB1--2 and Slug, as well as the proteins they transcriptionally regulate, N-cadherin, E-cadherin, Fibronectin, Vimentin, and α-SMA), evaluated by RT-PCR. MDCK cells were exposed for 48 h to the cAMP stable analogue 8-CPT-cAMP (5 μM), the PKA- or Epac-specific cAMP analogues, N6-Ph-cAMP (5 μM) or 8-CPT-2Me-cAMP (5 μM), and to a non-specific inhibitor of phosphodiesterases, IBMX (100 μM), able to increase endogenous cAMP intracellular levels. Surprisingly, we observed that lower concentrations (≤ 0.5 μM) of cAMP analogues upregulated the expression of all markers, whereas higher concentrations (≥ 10 μM) downregulated them (data not shown). Concentration of 5 μM did not affect the expression of the mentioned markers; therefore, we evaluated the influence of the cAMP system on the EMT induced by 5 ng/mL TGF-β1 for 48 h. As expected, RT-PCR analysis showed that TGF-β1 upregulated, at different extent, the expression of all the analyzed markers except that of E-cadherin, which was downregulated. 8-CPT-cAMP or N6-Ph-cAMP significantly reduced all the effects induced by TGF-β1. Similarly, 8-CPT-2Me-cAMP counteracted the effects of TGF-β1 on the expression of α-SMA, Vimentin, N-cadherin, and, slightly, that of E-cadherin, but it did not affect the upregulation of ZEB1, Slug, and Fibronectin. These controversial effects were also caused by 100 μM IBMX (Table [1](#Tab1){ref-type="table"}). These results were confirmed by Western blot analysis of Fibronectin, N-cadherin, E-cadherin, and α-SMA protein levels (Fig. [2](#Fig2){ref-type="fig"}a, b).Table 1Effects of cAMP analogues on TGF-β1-induced EMTTGF-β18-CPT-cAMPN6-Ph-cAMP8-CPT-2Me-cAMPIBMXZEB119.6 ± 2.58.4 ± 2.3\*10.1 ± 2.0\*16.6 ± 3.49.7 ± 2.9\*Slug13.3 ± 1.94.1 ± 1.7\*6.1 ± 1.2\*14.4 ± 2.310.2 ± 3.1Fibronectin15.7 ± 2.84.5 ± 1.3\*5.3 ± 0.8\*12.1 ± 1.65.1 ± 0.9\*α-SMA21.2 ± 5.46.3 ± 2.6\*9.5 ± 1.4\*8.9 ± 1.9\*15.8 ± 3.1Vimentin13.5 ± 1.84.8 ± 1.5\*5.6 ± 2.1\*6.1 ± 2.0\*6.3 ± 1.2\*N-cadherin7.9 ± 1.52.4 ± 0.2\*2.1 ± 0.8\*2.6 ± 0.1\*5.8 ± 1.1E-cadherin0.56 ± 0.10.9 ± 0.1\*1.2 ± 0.3\*1.1 ± 0.2\*0.93 ± 0.1\*MDCK cells were exposed to 5 ng/mL TGF-β1 for 48 h in the absence or presence of 5 μM 8-CPT-cAMP, 5 μM N6-Ph-cAMP, 5 μM 8-CPT-2Me-cAMP, or 100 μM IBMX. The expression of ZEB1, Slug, Fibronectin, α-SMA, Vimentin, N-cadherin, and E-cadherin was evaluated by RT-PCR analysis. Each value represents the mean ± SEM of at least three independent experiments, and it is expressed as relative amount of mRNA normalized to GAPDH. Student's *t* test: \**P* \< 0.05 vs. TGF-β1-treated cells (control) Fig. 2Effects of cAMP analogues and IBMX on TGF-β1-induced EMT. MDCK cells were exposed to 5 ng/mL TGF-β1 for 48 h in the absence or presence of 5 μM 8-CPT-cAMP, 5 μM N6-Ph-cAMP, 5 μM 8-CPT-2Me-cAMP, or 100 μM IBMX. **a** Representative Western blot analysis of Fibronectin, E-cadherin (*left*), α-SMA, and N-cadherin (*right*) with the respective β-actin as loading control. **b** Quantitative data of densitometric analysis. Each *column* represents the mean ± SEM of at least three independent experiments, and it is expressed as relative protein expression normalized to β-actin. Student's *t* test: \**P* \< 0.05, \*\**P* \< 0.02, \*\*\**P* \< 0.01, ^§^ *P* \< 0.001 vs. untreated cells (control); ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.02, ^\#\#\#^ *P* \< 0.01, ^⌘^ *P* \< 0.001 vs. TGF-β1-treated cells

Based on these findings, we focused our attention on those markers mainly involved in the TGF-β1-induced fibrotic processes, ZEB1, Slug, Fibronectin, and α-SMA (evaluated by RT-PCR analysis), and we used 8-CPT-cAMP or N6-Ph-cAMP to evaluate possible cross talks between cAMP system and other intracellular signaling pathways, such as ERK1/2, which is also known to play a pivotal role among the non-canonical TGF-β1 pathways.

As expected, cell exposure to 5 μM 8-CPT-cAMP (Fig. [3](#Fig3){ref-type="fig"}a) or 5 μM N6-Ph-cAMP (Fig. [3](#Fig3){ref-type="fig"}b) significantly reduced TGF-β1-induced expression of all markers. Cell treatment with the PKA inhibitor, 5 μM Myr-PKI for 48 h, added to culture medium 30 min before TGF-β1 treatment or co-treatment with TGF-β1/cAMP analogues until the end of the experiment reverted the effect of both cAMP analogues on all analyzed EMT markers induced by TGF-β1. Cell exposure to Myr-PKI in the absence of cAMP analogues did not affect EMT-related gene expression. In cells stimulated by TGF-β1, cell pre-treatment for 30 min with the ERK1/2 inhibitor, 10 μM PD98059, did not reduce 8-CPT-cAMP or N6-Ph-cAMP effects, except for α-SMA expression. Different from Myr-PKI, PD98059 alone was able to reduce TGF-β1 effect in most of the markers, confirming the role of ERK1/2 activation in the EMT process.Fig. 3Effects of 8-CPT-cAMP and N6-Ph-cAMP on TGF-β1-induced EMT. MDCK cells were challenged to 5 ng/mL TGF-β1 for 48 h in the absence or presence of 5 μM 8-CPT-cAMP (**a**) and 5 μM N6-Ph-cAMP (**b**). The expression of EMT-associated genes ZEB1, Slug, Fibronectin, and α-SMA was evaluated by RT-PCR analysis. PKA or ERK 1/2 inhibitors, 5 μM Myr-PKI or 10 μM PD98059, were added to culture medium 30 min before TGF-β1 treatment or co-treatment with TGF-β1/cAMP analogues until the end of the experiment. The relative amount of mRNA is presented as ratio of mRNA to GAPDH. Each *column* represents the mean ± SEM of at least five independent experiments, and it is expressed as relative amount of mRNA normalized to GAPDH. Student's *t* test: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 vs. TGF-β1-treated cells; ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01 vs. TGF-β1/cAMP analogue-treated cells

Modulation of purine receptors on EMT induced by TGF-β1 in MDCK cells {#Sec12}
---------------------------------------------------------------------

In accordance with the effects observed in cAMP analogues and considering that A2A adenosine receptors (A2AR) activate the cAMP system, the stimulation of these receptor subtypes with the specific agonist CGS21680 (50 nM) strongly decreased the expression of ZEB1, Slug, Fibronectin, and α-SMA enhanced by TGF-β1 (evaluated by RT-PCR analysis). This effect was reverted by cell treatment for 48 h with the selective receptor antagonist, ZM241385 (50 nM), added 30 min before the A2AR stimulation (Fig. [4](#Fig4){ref-type="fig"}a). This result may be linked to the increase of intracellular cAMP levels via PKA in response to activation of Gα~s~ protein-coupled A2AR. Indeed, PKA inhibition by 5 μM Myr-PKI significantly reduced CGS21680 protective effect on EMT.Fig. 4Effects of P1 adenosine receptor agonists on TGF-β1-induced EMT. **a** MDCK cells were challenged to 5 ng/mL TGF-β1 for 48 h in the absence or presence of the selective A2AR agonist, 50 nM CGS21680, or **b** the selective A1R agonist, 50 nM CCPA. The expression of ZEB1, Slug (*left*) and Fibronectin, α-SMA (*right*) was evaluated by RT-PCR analysis. A2AR or A1R antagonists, 50 nM ZM241385 or 100 nM DPCPX, as well as PKA or ERK 1/2 inhibitors, 5 μM Myr-PKI or 10 μM PD98059, were added to culture medium 30 min before TGF-β1 treatment or co-treatment with TGF-β1/A2A or A1R agonists until the end of the experiment. Each *column* represents the mean ± SEM of at least five independent experiments, and it is expressed as relative amount of mRNA normalized to GAPDH. Student's *t* test: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 vs. TGF-β1-treated cells; ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, ^\#\#\#^ *P* \< 0.001 vs. TGF-β1/A2AR or A1R agonist-treated cells. **c** Representative photomicrographs of MDCK cells. Cells were challenged with 5 ng/mL TGF-β1 in the absence or presence of 50 nM CGS21680 or 50 nM CCPA for 48 h. The sub-confluent monolayers were stained with rhodamine-phalloidin (*red*) and nuclei were counterstained with DAPI (*blue*). *Scale bars*: 10 μm

Since the activation of MAPK-ERK1/2 cascade is considered a non-canonical pathway by which TGF-β1 promotes EMT, we evaluated the involvement of this pathway on A2AR-mediated effects, by pre-treating MDCK cells with the specific ERK1/2 inhibitor, PD98059. Interestingly, 10 μM PD9805 significantly decreased the effect of A2AR stimulation on Slug and Fibronectin expressions induced by TGF-β1 (Fig. [4](#Fig4){ref-type="fig"}a). Conversely, A1 adenosine receptor (A1R) stimulation by 50 nM CCPA further increased TGF-β1-induced EMT marker expression in MDCK cells. This finding was confirmed by cell pre-treatment with the selective antagonist DPCPX (100 nM), which reverted CCPA effect on TGF-β1-driven EMT. Different from that observed in response to A2AR activation, PKA inhibition by 5 μM Myr-PKI did not alter CCPA effect, whereas ERK1/2 inhibition by 10 μM PD98059 reverted the strong increase induced by CCPA (Fig. [4](#Fig4){ref-type="fig"}b).

At the same time, treatment with TGF-β1 determined morphological changes of MDCK cells. Phalloidin staining showed the presence of elongated F-actin stress fibers when compared to control cells, which exhibited typical epithelial-like morphology. Co-treatment of TGF-β1 and CGS21680 partially reverted fiber rearrangement, whereas CCPA contributed to the disassembly of polymerized actin elicited by TGF-β1 (Fig. [4](#Fig4){ref-type="fig"}c).

To evaluate possible involvement of P2Y1 and P2Y11 ATP/ADP receptors (P2Y1R and P2Y11R) in EMT process elicited by TGF-β1, we treated MDCK cells with the selective agonists, MRS2365 or NF546, respectively. When P2Y1R were activated by 30 nM MRS2365, we observed effects similar to those caused by the activation of A1R on the TGF-β1-induced EMT. These effects were reverted by the selective P2Y1 receptor antagonist 1 μM MRS2179. As previously observed, 5 μM Myr-PKI did not modify the effects of MRS2365, whereas 10 μM PD98059 significantly reverted them (Fig. [5](#Fig5){ref-type="fig"}a). Therefore, a cross talk between A1R or P2Y1R and TGF-β1 signaling pathways, leading to ERK activation, might be hypothesized.Fig. 5Effects of P2 adenosine receptor agonists on TGF-β1-induced EMT. **a** MDCK cells were challenged to 5 ng/mL TGF-β1 for 48 h in the absence or presence of the selective P2Y1R agonist, 30 nM MRS2365, or **b** the selective P2Y11R agonist, 100 μM NF546. The expression of ZEB1, Slug (*left*) and Fibronectin, α-SMA (*right*) was evaluated by RT-PCR analysis. P2Y1R or P2Y11R antagonists, 10 μM MRS2179 or 10 μM NF340, as well as PKA or ERK 1/2 inhibitors, 5 μM Myr-PKI or 10 μM PD98059, were added to culture medium 30 min before TGF-β1 treatment or co-treatment with TGF-β1/P2Y1R or P2Y11R agonists until the end of the experiment. Each *column* represents the mean ± SEM of at least five independent experiments, and it is expressed as relative amount of mRNA normalized to GAPDH. Student's *t* test: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 vs. TGF-β1-treated cells; ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, ^\#\#\#^ *P* \< 0.001 vs. TGF-β1/P2Y1R or P2Y11R agonist-treated cells. **c** Representative photomicrographs of MDCK cells. Cells were challenged with 5 ng/mL TGF-β1 in the absence or presence of 30 nM MRS2365 or 100 μM NF546 for 48 h. The sub-confluent monolayers were stained with rhodamine-phalloidin (*red*) and nuclei were counterstained with DAPI (*blue*). *Scale bars*: 10 μm

Cell exposure to the selective P2Y11R agonist, NF546 (100 μM), significantly decreased the TGF-β1-induced overexpression of ZEB1, Slug, Fibronectin, and α-SMA. These effects, almost completely prevented by cell pre-treatment with the selective antagonist NF340 (10 μM), were partially reduced by the PKA inhibitor, Myr-PKI, or ERK1/2 inhibitor, PD98059 (Fig. [5](#Fig5){ref-type="fig"}b). These results were in accordance with multiple signaling pathways linked to activation of Gs/Gq protein coupled P2Y11R.

In agreements with these results, MDCK cells, treated with either TGF-β1 alone or in combination with MRS2365 and stained with phalloidin, exhibited elongation and became larger than untreated cells. F-actins underwent a disassembly and did not appear along the primary axis of the cells but were running in other directions. This was in line with the loss of junction proteins such as E-cadherin, a protein involved in cell-cell interactions in intact renal tubular epithelial cells. When cells were treated with NF546, we observed poor evidence of morphological change compared to control cells (Fig. [5](#Fig5){ref-type="fig"}c).

Western blot analyses of Fibronectin and α-SMA were consistent with the above mentioned results of RT-PCR analysis (Fig. [6](#Fig6){ref-type="fig"}a--d).Fig. 6Effects of P1 and P2 purine receptor agonists on TGF-β1-induced EMT. Western blots show the expression of Fibronectin and α-SMA in MDCK cells challenged to 5 ng/mL TGF-β1 for 48 h in the absence or presence of **a** the selective A2AR agonist, 50 nM CGS21680; **b** the selective A1R agonist, 50 nM CCPA; **c** the P2Y1R agonist, 30 nM MRS2365; or **d** the selective P2Y11R agonist, 100 μM NF546. A2AR, A1R, P2Y1R, or P2Y11R antagonists (50 nM ZM241385, 100 nM DPCPX, 10 μM MRS2179, or 10 μM NF340), as well as PKA or ERK 1/2 inhibitors, 5 μM Myr-PKI or 10 μM PD98059, were added to culture medium 30 min before TGF-β1 treatment or co-treatment with TGF-β1/P1 or P2 receptor agonists until the end of the experiment. Histograms represent data of densitometric analysis, and each *column* indicates the mean ± SEM of at least three independent experiments and it is expressed as relative protein expression normalized to β-actin. Student's *t* test: \**P* \< 0.05, \*\**P* \< 0.02, \*\*\**P* \< 0.01, ^§^ *P* \< 0.001 vs. TGF-β1-treated cells; ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.02, ^\#\#\#^ *P* \< 0.01, ^⌘^ *P* \< 0.001 vs. TGF-β1/P1 or P2 receptor agonist-treated cells

The crucial role of P2X7 ATP receptor (P2X7R) in inflammatory processes \[[@CR35], [@CR36]\] and tissue fibrosis \[[@CR37]\] is well known; furthermore, kidney epithelial P2X7 is involved in inflammation and renal injury \[[@CR38], [@CR39]\]. Therefore, we investigated the main signaling pathway involved in P2X7R modulation of EMT in MDCK cells. The exposure of cells to the selective P2X7R agonist BzATP (150 μM) for 48 h did not affect the cell morphology. Since it has been pointed out that in human and murine kidney epithelium \[[@CR40]\] and in MDCK cells \[[@CR41]\], the expression of P2X7R is relatively low and it may be upregulated by time post-seeding, we prolonged the exposure of MDCK cells to BzATP (150 μM) up to 96 h. At this time point, it was able to induce cell differentiation to myofibroblasts, and 5 ng/mL TGF-β1 added to the culture medium in the last 48 h did not worsen the BzATP-mediated effect (Fig. [7](#Fig7){ref-type="fig"}). This result was confirmed by RT-PCR analysis of EMT-related markers, ZEB1, Slug, Fibronectin, and α-SMA. As shown in Table [2](#Tab2){ref-type="table"}, the treatment with 150 μM BzATP for 96 h upregulated the expression of EMT markers to the same extent as for 5 ng/mL TGF-β1 and cell pre-treatment with 150 μM OxATP reverted the agonist effect. As it has been recently demonstrated that BzATP treatment induce the activation of PI3K/Akt and ERK1/2 signaling pathways in prostate cancer cells \[[@CR42]\], we exposed cells with ERK1/2 inhibitor, PD98059 (10 μM), added to the culture medium 30 min prior to BzATP treatment until the end of experiment. Intriguingly, PD98059 significantly reduced BzATP-mediated upregulation of all analyzed EMT markers.Fig. 7Effects of P2X7 receptor agonist on cell morphology. Representative photomicrographs of MDCK cells challenged with 5 ng/mL TGF-β1 for 48 h or P2X7R agonist, 150 μM BzATP, up to 96 h, alone or in the presence of 5 ng/mL TGF-β1, added to the culture medium for the last 48 h of the experiment. The sub-confluent monolayers were stained with rhodamine-phalloidin (*red*) and nuclei were counterstained with DAPI (*blue*). *Scale bars*: 10 μm Table 2Effects of P2X7R agonist on EMT-related markersTGF-β1BzATPBzATP + OxATPBzATP + PD98059ZEB118.55 ± 2.1112.54 ± 1.98 (*ns*)1.49 ± 0.38\*\*\*5.68 ± 1.08\*Slug15.15 ± 2.5712.44 ± 2.24 (*ns*)0.88 ± 0.23\*\*\*6.80 ± 1.18\*Fibronectin13.92 ± 2.0113.06 ± 2.35 (*ns*)2.42 ± 0.58\*\*\*5.11 ± 1.24\*α-SMA23.20 ± 1.9419.33 ± 2.47 (*ns*)3.14 ± 0.63\*\*\*7.90 ± 1.59\*\*MDCK cells were challenged with 5 ng/mL TGF-β1 for 48 h or P2X7R agonist, 150 μM BzATP, for 96 h. P2X7R antagonist, 150 μM OxATP or ERK 1/2 inhibitor 10 μM PD98059, were added to culture medium 30 min before BzATP treatment until the end of the experiment. The expression of ZEB1, Slug, E-cadherin, Fibronectin, and α-SMA was evaluated by RT-PCR analysis. Each value represents the mean ± SEM of at least five independent experiments, and it is expressed as relative amount of mRNA normalized to GAPDH. Student's *t* test: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 vs. BzATP-treated cells; *ns*, vs. TGF-β1-treated cells

Discussion {#Sec13}
==========

EMT is a major event in the pathogenesis of fibrosis. Signaling of cAMP is able to counteract interstitial fibrosis by reducing TGF-β1 effect and myofibroblast formation \[[@CR43]\]. Specifically, cAMP exerts anti-fibrotic effects by activating both PKA-CREB axis \[[@CR16]\] and Epac signaling \[[@CR18]\].

It has been reported that cAMP-PKA activation can inhibit the TGF-β1-driven upregulation of collagen type-1 expression in human peritoneal mesothelial cells \[[@CR44]\]. Conversely, in breast cancer cells, cAMP seems to promote TGF-β1/Smad3-mediated expression \[[@CR45]\]. Furthermore, Weng Lin et al. \[[@CR46]\] enlightened the controversial role of cAMP-PKA pathway in MDCK-cell and embryonic kidney-cyst models, where cAMP-PKA showed to exert a protective role by inhibiting TGF-β1-induced ERK1/2 phosphorylation, whereas it exacerbates the fibrotic process in cells not stimulated by TGF-β1.

Based on this evidence, we first individuated the concentration of TGF-β1 able to induce submaximal effects, in order to evaluate pharmacological improvement or worsening of EMT. To this aim, we assayed the time-course and the dose-response curve of TGF-β1 by measuring the expression levels of α-SMA and Fibronectin as well as the transcription factors ZEB1 and Slug, which are commonly considered the most significant markers of myofibroblast differentiation, playing a crucial role in fibrogenesis \[[@CR47], [@CR48]\]. Our most suitable experimental conditions have been obtained by using 5 ng/mL of TGF-β1 (almost corresponding to the EC~50~; see Fig. [1](#Fig1){ref-type="fig"}) for 48 h, when the effect of TGF-β1 was already observed. Effectiveness of these parameters has been confirmed by the effects obtained with some cAMP analogues. In our conditions, they showed a biphasic and concentration-dependent modulation of most of EMT-marker expression, which they upregulated or downregulated at lower or higher concentrations, respectively. Therefore, we use concentrations per se unable to affect the expression of the analyzed markers.

We found that cAMP analogues inhibited TGF-β1-induced EMT, either via PKA or Epac pathway. Cell pre-treatment with Myr-PKI, a PKA-selective inhibitor, only in part inhibited the cAMP-mediated anti-fibrotic response, suggesting that the remaining protective activity could be ascribed to the involvement of Epac pathway. Nevertheless, the exposure to the cAMP analogue selective for Epac, 8-CPT-2Me-cAMP, did not show the same efficacy as N6-Ph-cAMP or 8-CPT-cAMP and quite inconsistent results have also been observed for the phosphodiesterase inhibitor, IBMX.

Therefore, our results confirmed the well-known protective activity of the cAMP system on EMT induced by TGF-β1.

Besides the classic Smad mechanisms, more efforts are needed to better elucidate the role of MAPK/ERK cascade \[[@CR11], [@CR12]\] in relation to EMT/fibrosis. In order to identify new pharmacological tools for controlling these processes, the effects of agonists of receptors positively linked to cAMP formation as well as antagonists of receptors that, once activated, elicit converging signal to non-Smad pathways of TGF-β1 should be evaluated. Among these receptor systems, a relevant role could be played by purine receptors, as part of the cooperative synergic network called "purinome" \[[@CR49]\]. It comprises extracellular purines activating a large number of specific receptors, purine-converting enzymes, either anchored to cell membrane (ecto-enzymes) or released in the intercellular milieu (soluble enzymes) \[[@CR50]--[@CR52]\], and membrane carriers for nucleosides and purine bases \[[@CR53], [@CR54]\].

Activation of G-protein-coupled P1 adenosine receptors either increases (A2AR and A2BR) or reduces (A1R and A3R) intracellular cAMP levels. Moreover, the stimulation of A1R and A3R can elicit the release of calcium ions from intracellular stores and couple to MAPK pathways, including ERK1/2 and p38 MAPK \[[@CR55]\]. Pharmacology studies showed that A2AR modulation could effectively suppress inflammation \[[@CR56], [@CR57]\], attenuated collagen deposition in matrix accumulation, and led to attenuation of glomerulonephritis and renal injury \[[@CR58]\].

The P2Y subfamily consists of different G protein-coupled receptors (GPCRs) for nucleotides. The Gq-coupled P2Y receptors, P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11, activate phospholipase C pathway that increase intracellular Ca^2+^. P2Y11 is the only receptor that also couples to Gs and increases intracellular cAMP levels. The remaining P2Y receptors couple to Gi and inhibit adenylyl cyclase activity \[[@CR59]\]. P2X receptors are ligand-gated ion channels that play a central role in inflammation, in particular P2X7R \[[@CR35], [@CR36]\], whose overexpression has been reported on myeloid and lymphoid cells during several immune and inflammatory processes, including renal injury \[[@CR38], [@CR39]\]. Different P2 receptor subtypes are involved in tissue fibrosis \[[@CR60]\].

Therefore, in this study, we focused our attention on some purine receptors that play a pivotal role during inflammation and fibrosis \[[@CR61], [@CR62]\].

Recently, it has been demonstrated that the activation of some purinergic receptors (P1 and P2) may influence EMT program in several cell types \[[@CR63]\], wherein this modulation has been associated with the evolution of several diseases, such as inflammation or cancer.

As expected, A2AR stimulation with CGS21680 exerted protective effects on TGFβ1-induced EMT, as confirmed by the decrease of all mesenchymal markers and transcription factors. Pre-treatment with the A2AR selective antagonist, ZM241385, reverted the agonist-mediated effects. The same result was obtained by using the PKA-selective inhibitor Myr-PKI, thus enlightening the main role of cAMP-PKA-CREB axis in A2AR-mediated effect on EMT. Conversely, no effects were obtained by pre-treating the cells with the inhibitor of ERK1/2 pathway, PD98059. The anti-fibrotic effect of A2AR stimulation was in agreement with that reported in several models of fibrosis \[[@CR64], [@CR65]\]. Different from what we observed with A2AR, A1R stimulation with the selective agonist CCPA exacerbated profibrotic effects of TGF-β1. This effect was completely prevented by the pre-treatment with the receptor antagonist DPCPX, whereas it was not affected by the inhibition of PKA pathway. Interestingly, CCPA effect was significantly reduced when the ERK1/2 phosphorylation was inhibited by PD98059. Since the reduction of the TGF-β1-induced marker overexpression mediated by PD98059 was more evident when A1R was activated in addition to TGF-β1 stimulus, it is likely that A1R signaling via β/γ GPCR subunits may cooperate with the MAPK/ERK activated by TGF-β1.

The stimulation of P2Y1R revealed effects similar to those of A1R. Our results provide evidence that P2Y1R signaling exacerbates TGF-β1-induced EMT by causing ERK1/2 phosphorylation but, differently from the A1R, through the increase of intracellular calcium and the PKC activation \[[@CR59], [@CR66]\]. A protective effect on the TGF-induced EMT was also caused by stimulation of P2Y11R. This effect was enhanced by ERK1/2 inhibition and was reduced by PKA phosphorylation, thus confirming the simultaneous activation of both Gs and Gq protein subunits coupled to P2Y11R.

Different from all other purine receptor agonists, the P2X7R selective agonist BzATP was able to induce marked changes in cell morphology after a prolonged exposure (96 h), likely due to low amounts of this receptor in MDCK cells \[[@CR41]\]. This effect was not worsened by adding TGF-β1 to the culture medium. At the same time, BzATP per se increased the expression of all mesenchymal markers and this effect was reverted by blocking P2X7R, and it was significantly reduced by inhibiting ERK1/2 signaling. These results were in accordance with earlier reports suggesting that P2X7R stimulation elicited the activation of PI3K/Akt and ERK1/2 signaling pathways \[[@CR42]\].

Conclusions {#Sec14}
===========

In this study, we investigated the interactions between cAMP-PKA and TGF-β1 pathways in EMT. We confirmed the protective role of cAMP stimulation on EMT triggered by TGF-β1. We also provided evidence that the activation of receptor-mediated different pathways, leading to MAPK phosphorylation, determined the overexpression of EMT-related profibrotic markers. Consequently, agonists of purine receptors that stimulate cAMP formation and antagonists of purine receptors that activate MAPK are good candidates for putative anti-fibrotic agents.
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